The 165-235 rDNA intergenic spacer region of organisms identical with or closely related to ' Tropheryma whippelii', the uncultivated causative agent of Whipple's disease, was analysed directly from 38 clinical specimens of 28 patients using a specific nested PCR followed by direct sequencing. As compared to the reference sequence in public databases, two novel ' T. whippelii' spacer types were recognized. In the absence of DNA-DNA hybridization data it is uncertain whether the three types found represent subtypes of a single species or three different but closely related species. Methods were developed to detect all three variants by single-strand conformation polymorphism analysis and by type-specif ic PCR assays, thus allowing the screening of large numbers of specimens. Further studies may provide a clue to the possible associations between the type of infecting strain and the various clinical presentations of Whipple's disease.
INTRODUCTION
Comparative sequence analysis of the 16s rRNA gene (I 6 s rDNA) allowed the hitherto uncultivated presumptive agent of Whipple's disease to be identified as an actinomycete bacterium constituting the novel but not yet validated taxon ' Tropheryma whippelii' (Wilson et al., 1991 ; Relman et al., 1992) . Further, the sequence of the intergenic spacer region between the 16s and the 23s rDNA as well as the 5' end of the 23s rDNA have also been determined (Maiwald et al., 1996) . The GenBank accession numbers for the sequences of the ' T . whippelii' 165-235 rDNA spacer types 2 and 3 are AF100950 and AF100951, respectively (type 1 represents the original ' T. whippelii' spacer sequence as deposited previously in GenBank under accession no. X99636).
Several diagnostic ' T. whippe1ii'-PCRs that target parts of the 16s rDNA have been established (Relman et al., 1992; Rickman et al., 1995; Altwegg et al., 1996; Dauga et al., 1997) . However, such systems may not discriminate between closely related species as illustrated by identical or almost identical 16s rRNA gene sequences of Mycobacterium kansasii and Mycobacterium gastri, Mycobacteriuin malmoense and Mycobacterium szulgai, or Aeromonas trota and Aeromonas caviae, respectively (Martinez-Murcia et al., 1992 ; Roth et al., 1998) . Since the intergenic spacer is more variable than the flanking structural genes it has been widely used for species identification and particularly for subtyping purposes in many other bacterial groups (Gurtler & Stanisich, 1996) . We have designed a nested PCR for the detection of the ' T. whippelii' 16S-23s rDNA spacer region directly in clinical specimens. Sequencing of the resulting PCR products from nine independent Swiss patients with Whipple's disease revealed no spacer polymorphism at all (Hinrikson et 
whippeW-specific amplification with primers TW-1 & TW-2 (Altwegg et al., 1996) . j. ' T. whippeW-specific nested PCR using primer pairs twsl & tws2 followed by tws3 & tws4.
1 Analysis of products derived from ' T. whippe1ii'-specific nested PCR using primer pairs twsl & tws2 followed by tws3 & tws4. I( Confirmed by sequencing of products derived from broad-range (universal eubacterial) amplification (Goldenberger et al., 1997) . ' Tropheryma whippelii' 16s-23s rDNA spacer region typing al., 1999). Nonetheless, specimens from additional patients were investigated using the same approach.
In the present study, we describe two new 16s-23s rDNA spacer types of ' T. whippelii' or closely related organisms. In addition, two new approaches, singlestrand conformation polymorphism (SSCP) analysis and type-specific PCR assays, were developed that are much easier t o perform than sequencing and thus allow the screening of large numbers of specimens.
METHODS
Specimens. A total of 38 clinical specimens from 28 patients shown to contain ' T. whippelii' 16s rDNA by semi-nested PCR using primer pairs TW-1 & TW-2 followed by TW-4 & TW-2 (Brandle et al., 1999) were investigated (Table 1) . They included cerebrospinal fluids (n = 3), heart valves (n = 5), a biopsy of an intervertebral disc, synovial fluids (n = 3), intestinal biopsies (n = 17), gastric aspirates (n = 8), and an intraoperative swab from a joint. In 19 specimens representing 13 patients the identity of 16s rDNA amplicons (229 bp) had previously been confirmed by direct sequencing. For an additional eight specimens from eight patients comparable results had been obtained by broadrange (universal eubacterial) amplification and sequencing of a k530 bp fragment (Goldenberger et al., 1997) . No sequence data were available for the remaining 11 samples. Negative controls consisted of intestinal biopsies (n = 23), a bowel aspirate, and gastric aspirates (n = 17) that were negative for ' T . whippelii' by semi-nested PCR with the above primer pairs.
Extraction of DNA. Cerebrospinal fluids, synovial fluids, gastric aspirates, the 0.85 YO NaCl suspension (2 ml) of the intraoperative swab, and the bowel aspirate were centrifuged for 10 min at 14000 g. These pellets as well as the biopsies were suspended in digestion buffer (50 mM Tris/HCl, pH 8-5, 1 mM EDTA, 0. 
& twsCl (system D, type 2), and (v) twsA2 & twsC2 (system E, type 3) were performed using 20 cycles at 95 "C for 1 min, at 70 "C for 1 min, and at 72 "C for 1 min. All PCRs ended at 72 "C for 10 min. PCR products (10 p1) were separated by electrophoresis on a 2 % (w/v) agarose gel, stained with ethidium bromide, and detected under UV light.
Sequence analysis. Direct sequencing of products derived from nested PCR with primer pairs tws 1 & tws2 followed by tws3 & tws4 was performed on an ALFexpress DNA Sequencer (Pharmacia Biotech). Amplicons were purified using the QIAquick PCR Purification Kit (QIAGEN) according to the manufacturer's instructions. The cycle sequencing reaction was performed in both directions with the 5'-fluorescence-labelled primers tws3 or tws4, respectively, and the Thermo Sequenase Kit with 7-deaza-dGTP (Amersham). The cycling conditions were the same as described for the PCR assays except for an initial denaturation at 95 "C for only 5 min. Data analysis included Fig. 1 ) according to the provider's protocol (Boehringer Mannheim). Performance of digestion was checked by 2 % agarose gel electrophoresis. Digests (1 pl) were mixed with denaturation buffer (4 pl) according to Widjojoatmodjo et al. (1994) , incubated at 95 "C for 10 min, and stored on ice before loading onto a non-denaturating 10 % polyacrylamide gel (CleanGel 36s ; Pharmacia Biotech). Samples (2 pl) were separated with DNA Disc buffer (Pharmacia Biotech) on a 21 17 Multiphor II Electrophoresis Unit (Pharmacia Biotech) at 4 "C using 100 V for 30 min followed by 400 V for 180 rnin, and DNA was visualized by silver-staining. Profiles were interpreted visually. According to these single-base alterations three spacer types were recognized (Fig. 1) .
RESULTS

Amplification
SSCP analysis
All 27 amplicons digested with HaeIII yielded two fragments of the expected sizes (295/294 and 166 bp, respectively) by agarose gel electrophoresis while the remaining 29 bp fragments were not clearly visible ' Tropheryma whippelii' 16s-23s rDNA spacer region typing (results not shown). SSCP analysis using electrophoretic conditions optimized for the single strands of the 295/294 bp fragments (spanning the dimorphic sites) resulted overall in three distinct patterns (not shown). They all consisted of two upper (very closely migrating) bands (near the double-stranded 622 bp marker) and one lower band (between the doublestranded 622 and 527 bp marker). As compared to the profiles corresponding to spacer type 1, a reduced mobility of the lower band was characteristic for the patterns derived from fragments of spacer type 2; a decreased migration of both the lower as well as the upper bands has been detected for all the samples representing spacer type 3.
Type-specific PCR assays
All DNA extracts were amplified with primer pair tws3 & tws4 and directly reamplified in five separate reactions with primer combinations targeting dimorphic spacer sites (Fig. 2) . All specimens known to contain ' T. whippelii' 16s rDNA were classified according to their type-specific amplicons (74/73 bp and 141/ 140 bp, respectively), with type-specific reamplification systems A and C being positive for type 1, systems B and D for type 2, and systems B and E for type 3. None of these samples was positive for more than one spacer type (Table 1 ). The appearance of tws3 & tws4 amplicons and other minor products ( > 200 bp ; representing amplicons derived from combinations of 1st and 2nd round primers) correlated with the amount of target DNA present in the clinical samples. All 41 controls tested remained negative for spacer products and did not show non-specific bands.
Frequency of the three spacer types in clinical specimens
Spacer type 1 was found in 15 patients, types 2 and 3 in 10 and 3, respectively (Table 1) . Spacer types did not correlate with the type of specimen analysed.
DISCUSSION
The various clinical manifestations of Whipple's disease ranging from chronic low grade fever to lifethreatening endocarditis (Dobbins, 1987) have often been assumed to represent differences between the infecting strains of ' T. whippelii' or to be due to closely related, ' T. whippe1ii'-like species. This, however, remained pure speculation as nobody has ever looked at such differences, mainly because of the absence of reliable cultures (Schoedon et al., 1997) . In this study, we have analysed the 16s-23s rDNA spacer sequences directly from 38 clinical specimens of 28 patients. These specimens had previously been shown to contain 16s rDNA of ' T. whippelii' by a specific assay (Table  1 ). The identity of the respective amplicons from 19 samples of 13 patients had been confirmed by sequence analysis (Brandle et al., 1999; Ehrbar et al., 1999) . For an additional eight specimens from eight patients comparable results had been obtained by broad-range (universal eubacterial) amplification and sequencing of a k 5 3 0 bp fragment (Goldenberger et al., 1997) , thus excluding also the presence of significant amounts of DNA from unrelated bacteria.
We considered the analysis of the 16s-23s rDNA spacer region a promising approach to possibly detect strain differences as it has been shown for a variety of organisms that the spacer region is more variable than the flanking regions encoding 16s and 23s rRNA, respectively (Gurtler & Stanisich, 1996) . In a first series of nine patients no variability had been found (Hinrikson et al., 1999) and we, therefore, decided to analyse as many different samples as possible to verify these findings using the same approach, including sequence analysis of PCR products. This resulted in the detection of five dimorphic sites constituting three different spacer types (Fig. 1) . In each of the eight patients with more than one positive specimen the same type was found in all independently processed samples ( Table 1 ). The most frequent type detected, i.e. spacer type 1, perfectly matched the original ' T. whippelii' spacer sequence (294 bp) previously deposited in GenBank (Maiwald et al., 1996) . As compared to this reference sequence, spacer types 2 and 3 differed solely at two and five nucleotide positions, respectively (Fig. 1) . Nonetheless, these slight DNA alterations could be confirmed by SSCP analysis of HaeIII-generated spacer fragments spanning all variable nucleotide positions found (not shown). As anticipated from the sequencing data, a total of three distinct SSCP profiles were obtained, each corresponding to one of the spacer types. Because both sequencing and, to some extent, SSCP analysis are tedious and time-consuming, we decided to establish type-specific PCR assays based on the polymorphisms found (Fig. 2) . For each single specimen, the results of the five different assays were as expected (Table l) , thus confirming the reliability of each of the three methods used. While type-specific PCR is straightforward for detecting the presently known three types, SSCP and sequence analysis have the potential of recognizing additional types not related to the currently known five dimorphic sites.
In all specimens analysed only one single spacer type was detectable. Assuming that each patient is infected with only one single strain as suggested by the eight patients with multiple specimens, this may be explained by the presence of one single rRNA operon, i.e. spacer region, per strain as described for other actinobacteria (Gurtler & Stanisich, 1996) . If so, any fixed single-base mutation in the rDNA spacer leading to an inappropriately folded molecule would have to be compensated by further sequence variation. Interestingly, the spacer types now found seem to have evolved mainly by pairwise DNA alterations (position The variations found raise the question whether they represent three different, closely related species or three subtypes of the single species ' T . whippelii'. Partial 16s sequences determined for most specimens included in this study did not reveal any differences as compared to the published sequence. However, as has been shown for other organisms, even complete identity of 16s rDNA sequences does not prove species identity (Fox et al., 1992) but suggests a very close relationship (Stackebrandt & Goebel, 1994) . To solve the problem DNA-DNA hybridization studies are definitely needed but not feasible due to the fact that ' T . whi@peZii ' has not yet been cultured on artificial media. As long as hybridization data are not available, we suggest that the three types found be regarded as subtypes of the single species ' T. whippelii' for practical reasons and because of the small number of variable nucleotides which is similar or even less than the variations found within other species (Gurtler & Stanisich, 1996) . We conclude that at least three different ' T. whippelii' 16s-23s rDNA spacer types can be detected with different frequencies directly from human clinical specimens. Further studies including samples from other geographic areas as well as from environmental sources (Maiwald et al., 1998) may show whether additional spacer types can be found. Such investigations are much easier to perform when using either type-specific PCR assays and/or SSCP analysis as compared to sequencing. Although an obvious association of spacer types and types of specimens analysed was not found, it remains to be shown whether the ' T. whippelii' spacer types may be correlated with different clinical presentations of Whipple's disease or even with the possible carrier state for ' Whipple bacilli ' as postulated previously (Ehrbar et al., 1999) .
